Abstract
Introduction

Bone is a living dynamic tissue and its constant rebuilding occurs through the combined action of osteoblast cells that generate bone and osteoclast cells that reabsorb it. Recently, a number of studies have focused on the growth of bone on nanostructural materials and the complex interactions between such materials and bone cells, both in vitro and in vivo
 [1, 2] 
. Because of their size and morphological properties, nanoscale materials can interact with cells and living tissues making them ideal vehicles for accelerated tissue regeneration and enhanced cellular proliferation
. Moreover, these various shaped nanomaterials have been shown to specifically target and penetrate cells allowing delivery of genetic material [5] . In the present study, osteoblast cells (MC3T3-E1 cell line, derived from newborn mice calvaria) were incubated with various nanomaterials in order to study the effects of such structures on the biological activity of the cells, with a focus on mineralization rates. This type of cell was shown to be a model system for studying complex biological processes related to mineralization and bone formation of the osteoid matrix [6] . [7, 8] , which display time-dependent and sequential expression of osteoblast characteristics similar to that found in in vivo bone tissue. The aforementioned nanomaterials were chosen due to their relevance to specific areas of nanoscience and their significant potential in bio-medical applications.
Additionally, they were found to readily interact with nanostructural materials and the observed effects could be translated to in vivo conditions with potentially positive benefits for the treatment of a number of bone related conditions, such as osteoporosis, or resorption of tissues. Here we report the in vitro effects of various types of nanomaterials (single walled carbon nanotubesSWCNTs, hydroxyapatite nanoparticles -HAP, titanium dioxide nanoparticles -TiO2 and silver nanoparticles -AgNPs) on cell calcification and mineralization by MC3T3-E1 cells
AgNPs with an average diameter of 23.0 Ϯ 2.0 nm were used in this study [9] . AgNPs have been widely used as a biomaterial in a number of biomedical applications ranging from anti-microbial coatings to surface enhanced Raman Spectroscopy sensing [10, 11] . [12, 13] . Although it has a high potential in bone regeneration, the HAP bio-reactivity when in a nanostructural form, is still not fully understood. TiO2 is one of the most corrosion -resistant materials that has been used intensively in orthopaedics, dentistry and a number of other applications [14] . Also it was previously shown that TiO2 nano-morphologically modified coatings can be used to reduce the adverse inflammatory effects of titanium implants and promote more advanced tissue healing following surgical procedures [14] . SWCNTs are superb one-dimensional nanostructures and their use in bio-medical applications range from highly accurate and sensitive biosensors [15] , scaffolds for bone regeneration [16] and other bio-medical applications [17, 18] . Moreover, we have previously shown that carbon nanotubes can synergistically enhance the activity of various drugs [19] . In this work, the SWCNTs had a diameter ranging between 0.8 and 1.7 nm, average lengths of several microns and were prepared according to the methods presented in the Supporting Information section [20, 21] .
HAP is one of the most commonly used materials in bone graft because of its demonstrated ability to enhance mineral formation and promote bone calcification during in vitro and in vivo experiments
In [22, 23] .
Because nanomaterials have been observed to penetrate various sub-cellular compartments, including the nucleus, they may have the potential to alter normal biological processes. Given that the nanoparticles increased mineralization in these particular cells, they are expected to have affected the activity of ALP found on the bone cell membrane and which is considered an essential marker for bone cell proliferation and differentiation [7] . Alizarin red, a dye used to stain inorganic calcium deposition [24, 25] , mineralized versus the unmineralized nodules [26] , mineral deposition [27, 28] , mineralized matrix [29] and mineralized bone nodule formation has been used extensively to study and quantify bone differentiation in model cell systems. In addition to alizarin red staining, electron diffraction spectroscopy (EDS), scanning electron microscopy (SEM), X-ray diffraction and Raman spectroscopy [30] [31] [32] [33] [38] . 
Materials and methods
Nanoparticle synthesis and preparation
Characterization of the bone cells
Cells from the same passages were grown on 10 mm plastic cover slips at a density of ( 
Osteogenesis induction
The medium was aspirated and replaced by 
Osteogenesis quantification assay
ALP double staining
After washing with PBS, the cells were incubated with AgNPs as described above for three different time-points (6, 15, 24 days) [39, 40] . TargetScan is a widely used database for miRNA target gene prediction and was demonstrated that its prediction matches best with the experimental data from proteomics [41] . 
of control samples at the same time-point) was used for the downregulation genes, and P-values were calculated using t-tests between nanoparticle-treated and control samples at each time-point to determine whether there was a significant difference for miRNA expression. To determine the miRNA response in untreated MC3T3 cell, the formula: FC ϭ 2[ Ϫ(mean of ⌬Ct values of samples after initiation of the MC3T3 cell culturemean of ⌬Ct values of control samples at day 0)] was used for up-regulated genes, while FC ϭ Ϫ2^ (mean of ⌬Ct values of samples after initiation of MC3T3 cell culture -mean of ⌬Ct values of control samples at day 0) was used for the down-regulations, and P-values were calculated using t-tests between day 0 samples and samples at each of the subsequent time-points to determine whether there is a significant difference for miRNA expression.
Prediction of target genes
The predicted target genes of differentially expressed miRNAs were obtained from TargetScan database (http://www.targetscan.org/). TargetScan predicts biological targets of miRNAs by searching for the presence of conserved 8 mer and 7 mer sites that match the seed region of each miRNA
Results
Figure 1 shows the experimental design used in this study. The cells were incubated with either control medium or with medium plus nanoparticles for 24 hrs. After removal of the nanoparticles, the cultures were further incubated with fresh medium. At confluence (day 6), all of the cultures were supplemented with Osteo I medium for 6 days and then supplemented with Osteo II medium and further cultured to day 24. In the cultures treated with AgNPs, in addition to mineralization, miRNAs expression was also analysed at 6, 15 and 24 days after the treatment with these nanoparticles.
During the 24 hr incubation process, the nanoparticles appear to have penetrated cells suggesting their possible location in the cytoplasm and nucleus. Figure 2 shows the optical images of the
MC3T3-E1 cells before and after incubation with the four types of nanomaterials used in this study. It is clearly seen that most of the
Effect of nanomaterials on cell mineralization in vitro
The formation of mineralized bone nodules is considered a marker for the final stages of osteoblast differentiation and can be analysed and quantified by staining fixed cell populations with ARS. To demonstrate the value of alizarin red staining in the observation of mineralized nodule formation, we have imaged all the conditions up to 24 days of culture. Elution and analysis of the ARS levels bound to the mineralized nodules
Fig. 2 Representative photomicrograph showing the characteristic features of the bone cells stained with methyl green (A) control-unexposed to nanomaterials; (B) incubated with AgNPs; (C) SWCNTs; (D) HAP and (E) TiO2.
Fig. 3 The mineralized nodule formation of osteoblasts in the presence of nanomaterials stained by alizarin red stain. All samples were incubated with Osteo I and II differentiation media (cf. 'Materials and methods'): (A) cells without nanomaterials; (B) cells with AgNPs; (C) cells with HAP, (D) cells with TiO2; (E) cells with SWCNTs. (F) Effect of nanomaterials type on the concentration of ARS stain when osteoblastic bone cells were incubated in the presence of (20 g/ml) of AgNPs, HAP, TiO2 and SWCNTs compared with the control samples. (G) SEM image of a mineralization nests and (H) elemental analysis of the mineral nests by EDS indicating the specific elements that are present in the mineral tissue. The experiments were assessed on day 24. Alizarin red concentrations were determined by comparing the samples OD405 with a standard sample of 2 mM of ARS diluted with 1ϫ ARS dilution buffer and expressed as the concentration of the eluted ARS normalized by the standard protein.
( Fig. 3A-E (Fig. 3A) . The effect of enhanced mineralization varied with the type of nanomaterials, with the AgNPs having the most significant effect (Fig. 3F) . Figure 3G (6, 15 and 24 days) . Figure 4A and B shows a significant increase in the level of alizarin red stain for the cells exposed to AgNPs when compared to the control and the trend was found to increase as the time progressed from 6 to 15 and 24 days of incubation. Figure 4B shows
and H shows the SEM and elemental analysis (EDS) of the mineralization nests, indicating the presence of Ca, P, O typical to mineralized structures. Because the AgNPs induced the highest level of mineralization (increase in both area and intensity of mineralized nodules) when introduced into cell cultures, they were further used to investigate the kinetics of mineral formation at several time periods
the actual stained Petri dishes clearly indicating that the cells exposed to AgNPs induced higher mineralization (darker red colour) throughout the 24 days as compared to the controls. Given its significant effect on mineralization, as compared to the other conditions, only the AgNPs were used in further studies to understand the role of the nanomaterials on ALP activity and gene expression.
Induction of alkaline phosphatase activity by AgNPs
ALP is an enzyme commonly used as a marker for the calcification level during the bone maturation process [42] . Figures 3 and 4 . Figure 5 shows the increased level of ALP activity for the cells exposed to AgNPs for 24 hrs and further incubated in fresh medium for 6 days.
The effect of the AgNPs on ALP activity and level was measured at various points in time. The level of ALP was found to increase significantly when the cells were exposed to AgNPs, as compared to the control samples, confirming the increased level of mineralization presented in
Discussions
We suggest that certain marker morphogenetic proteins and/or important transcriptional factors could be involved in the effects observed in cells exposed to AgNPs. In order to identify the target genes involved in activation of mineralization in response to AgNPs, miRNA microarray analysis was performed. This assay was recently used for identification of gene targets that are positive regulators of bone formation [34] . In our set of experiments, miRNA assessment allowed us to determine structural and regulatory genes required for bone formation that were significantly affected in control cultures of MC3T3-E1 cells, as well as cultures that were exposed to AgNPs. We chose to detect miRNA expression profiles on the same days that the phenotypic response to AgNPs was determined (Fig. 4) . Tables 1 and 2 
